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Abstract

Triboelectric nanogenerator (TENG) as an energy harvesting device, the output
characteristics also affect its applications. Usually, the output characteristics of TENG
are considered to be influenced by environmental factors, triboelectric materials, and
surface morphology. Here we explore the output characteristics are also influenced by
the mechanical motions of friction interfaces for the first time. And two new mechanical
motions of TENG are proposed: coupling rotation contact-separation (CRCS) motion
and independent rotation contact-separation (IRCS) motion. In addition, the output
characteristics of TENG under different mechanical motions are investigated and
revealed. It is a universal phenomenon that mechanical motions can affect the output
characteristics of TENG verified by different types, different materials, and even
different parameters of TENG. Compared with contact-separation (CS) motion, the
transferred charges and output power of TENG under CRCS motion and IRCS motion
realize 397%, 483% and 440%, 660% enhancement, respectively. Furthermore, the
theoretical models describing dynamic charging and discharging under different
mechanical motions are established. Finally, it is proved that changing mechanical
motions can affect the collection of energy. This study provides a new factor to
influence the output characteristics of TENG, which can guide the design and accelerate
the practical applications of TENG.

Keywords: mechanical motions, triboelectric nanogenerator, friction interfaces, output
characteristics

1. Introduction

The 21st century is an age full of information, intelligence, and automation.
Intelligent connect, as a new concept, will be combined with the 5th generation mobile
networks (5G), artificial intelligence, and the Internet of Things (l0T) to become a
catalyst for accelerating the development of science and technology in the future, and
will become a new disruptive technology. In this link, distributed sensors will play an
indispensable part in information collection and transmission, which is one of the
necessary hardware to realize the 10T [1-6]. Recent research shows that there will be
more than 30 billion sensors used for information obtain by 2025 [7]. However, it is a
huge challenge to power such a large number of sensors if we rely on conventional
batteries, solar cells, etc [8].

In 2012, a new type of power harvesting device, triboelectric nanogenerator
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(TENG) is invented by Wang's group [9], the challenge will be greatly improved in the
future. TENG is based on coupling contact electrification and electrostatic induction
[10-12], which can convert the small micro/nano energy into electrical energy [13, 14],
such as wind [15, 16], flowing water [17, 18], vibration [19, 20], human motion [21,
22], walking [23, 24], and mechanical triggering [25, 26]. At the same time, TENG has
advantages of low-cost, easy fabrication, abundant materials choice, widely adaptable
and environmental friendliness, etc [27-29]. TENG is expected to capture energy from
the environment and achieve a stable energy supply for distributed IoT sensors [30]. As
an energy harvesting device, the output characteristics also influence the applications
of TENG. Therefore, it is very important to explore the factors affecting the output
characteristics of TENG, which can guide the design and accelerate the practical
applications of TENG. Usually, TENG devices are considered to be influenced by
environmental factors, triboelectric materials, and surface morphology. Humidity [31,
32], temperature [33, 34], and pressure of the environment [35, 36] are regarded as the
main elements that influence the output characteristics by the environment. Changing
the size, contact force, and modifying the surface properties of the triboelectric
materials affect the actual contact area and then influence the output characteristics of
TENG [37-39]. Recently, the power management (PM) circuits are regarded as another
effective method that can increase the charge density [40-42]. Although some influence
factors have been explored, it is still necessary to explore other ways affecting the
output characteristics of TENG. Nowadays, TENG can be divided into contact-
separation mode TENG (CS-TENG), single-electrode mode TENG (SEC-TENG), free-
standing mode TENG (FS-TENG), and lateral sliding mode TENG (LS-TENG). And
mechanical motions between friction interfaces of the above TENG have only two types:
one is only linear motion, the other is only rotary motion as shown in Figure S1.
However, whether other mechanical motions can affect the output characteristics of
TENG is not clear.

Here, we first demonstrate the mechanical motions of friction interfaces can
influence output characteristics of TENG. And two new mechanical motions of friction
interfaces for TENG are proposed, one is coupling rotation contact-separation (CRCS)
motion and the other is independent rotation contact-separation (IRCS) motion.
Furthermore, the Influence of mechanical motions on the output characteristics of
TENG are investigated and revealed. And the influence is a universal phenomenon to
change the characteristics verified by different types, different materials, and even
different parameters (contact force, electrode diameter, rotation speed) of TENG.
Experimental results show that with different materials, IRCS motion and CRCS
motion promote transferred charges by approximately 2-5 times compared with
contact-separation (CS) motion. And the output power of TENG under CRCS motion
and IRCS motion realizes 440% and 660% enhancement, respectively. In addition, the
mechanical motions on TENG’s characteristics are analyzed, and theoretical models of
dynamic charging and discharging are established. Finally, it is proved that changing
the mechanical motions of TENG also affects the ability to harvest environmental
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energy. This work provides a new factor to influence the output characteristics of
TENG, and also can expand the field of TENG applications.

2. Results and discussion

2.1 Structure and working mechanism of TENGs

To study the influence of mechanical motions between friction interfaces on the
output characteristics of TENGs, a standard solid-solid experimental test system with
controllable temperature and humidity is established (Supporting Information, Figure
S2). The measurement system can achieve different mechanical motions (Figure 1a,
Supporting Information Note S1). The TENG mainly contains a moving part and a
stationary part. The moving part consists of an acrylic base, an electrode, and
polytetrafluoroethylene (PTFE). The stationary part is composed of an acrylic base, a
sponge, and a Cu. The CS-TENG is a typical representative of TENG with contact-
separation (CS) motion. The working principle is shown in Fig. 1b. In the initial state,
because of differences in Cu and PTFE electronegativity, they generate an equal amount
of charge of opposite signs at their contact interfaces [Fig. 1b(i)]. Then they separate,
the electrons in the external circuit flow from the electrode to Cu [Fig. 1b(ii)]. When
the separation distance reaches L (which is more than 10 times the thickness of the
PTFE film d), the charge transferred is almost at a maximum [Fig. 1b(iii)] [43].
Eventually, PTFE gradually approaches Cu, the electrons flow to the electrode [Fig.
1b(iv)]. By cyclically repeating these four phases, the CS-TENG produces a continuous
power outpult.

On the basis of CS-TENG, two new mode TENGs are proposed by changing
relative mechanical motions between friction interfaces: one is independent rotation
contact-separation mode TENG (IRCS-TENG), and the other is coupling rotation
contact-separation mode TENG (CRCS-TENG). IRCS-TENG is achieved by
independent rotation contact-separation (IRCS) motion which comprises two phases as
shown in Fig. 1c: First, the Cu and PTFE are brought into contact [Fig. 1c(i)] and then
rotated through one revolution [Fig. 1c(ii)]. Then, a number of CS motions are
performed [Fig. 1c(iii)- Fig. 1c(vi)]. The one revolution is regarded as one operation
cycle of the IRCS motion. CRCS-TENG is achieved by coupling rotation contact-
separation (CRCS) motion which moves with a straight reciprocating motion while
rotating as shown in Fig. 1d. Each contact between the Cu and PTFE is regarded as one
operation cycle of the CRCS motion. The working principle of IRCS-TENG and
CRCS-TENG is similar to CS-TENG except that they have different transferred charges
between Cu and PTFE.

To measure the influence of mechanical motions on the output characteristics,
TENG is driven by CS motion, CRCS motion, and IRCS motion is researched. The
entire experiment is set at constant temperature and humidity of 20°C and 45% in
relative humidity, respectively. The whole system is almost without noise which is
presented in Supporting Information, Fig. S3. Comparisons of the transferred charge,
short-circuit current, and open-circuit voltage under CS, CRCS and IRCS motions (Fig.
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le-1g). It is obvious that the output characteristics of TENG can be obviously
influenced by changing the relative mechanical motions between friction interfaces.
Compared with CS motion, the transferred charges of TENG under CRCS motion and
IRCS motion increase from 27.2 nC to 53.3 nC and 81.2 nC, promoting by
approximately 2.0 and 3.0 times. Furthermore, the short-circuit current and open-circuit
voltage have a similar promoting tendency. The short-circuit current and open-circuit
voltage increase from 1.4 pA to 2.9 pA and 5.2 pA, and from 65.7 V to 120.6 V and
186.7 V.
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Fig. 1. The structure and working mechanism of TENG. a) Three-dimensional model of
measurement system and structure of TENG. b) The working principle of CS-TENG. c) The
working principle of IRCS-TENG. d) The working principle of CRCS-TENG. e) Transferred charge,
f) short-circuit current, and g) open-circuit voltage comparison between CS-TENG, CRCS-TENG,
and IRCS-TENG.
2.2 Output characteristics of TENG under different mechanical motions

The output characteristics of TENG under CRCS motion and IRCS motion are
studied. CRCS-TENG is first studied, and the experiment proceeded as follows: we
make the motor with linear motion (CS motion) in Fig. S4 and Note S2 and rotary
motion (speed of 60 rpm) at the same time. The dynamic charging of CRCS-TENG
with the diameter of 60 mm is shown in Fig. 2a. It can be seen that the transferred
charge increases rapidly and then slows down. Comparisons of the open-circuit voltage
and short-circuit current under CS motion and CRCS motion are presented in Fig. 2b,
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c. It shows the short-circuit current, and open-circuit voltage of TENG have been
significantly influenced by the CRCS maotion.

Then, IRCS-TENG is studied. The experiment proceeded as follows: On the basis
of CS motion, the motor first returns to its initial position, which places the two tested
materials in contact with a 2 N force. The motor is then set to rotate 1 revolution
clockwise with a speed of 60 rpm. Then PTFE moves with CS motion. At this time, the
transferred charge is that of IRCS-TENG after a single operation cycle. Continuous
measurements of the transferred charge after 2, 3, 4, and 5 operation cycles are tested
using the same method. Fig. 2d shows that, in the first three operation cycles, the
transferred charges under IRCS motion increase rapidly. For the fourth and fifth
operation cycles, the transferred charge gradually approaches a certain saturation value.
The open-circuit voltage and short-circuit current under IRCS motions (Fig. 2e, f)
exhibit increasing trends that are similar to the transferred charge. Moreover, the charge
retention characteristics after five operation cycles of the IRCS motion (Fig. 2g) are
researched. And the amount of the transferred charges with CS motion begins to decay
rapidly and then gradually stabilizes. Enlarged views for specific time intervals are
presented in Fig. 2h. After approximately 100,000 cycles (30 hours), the transferred
charge is almost stable with 64.8 nC, which is approximately 2.4 times that under the
initial CS motion. This means that the transferred charge added by changing mechanical
motions can remain at the friction interfaces for a long time.
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Fig. 2. Output characteristics of TENG under different mechanical motions. a) Transferred charge
of CRCS-TENG. b, ¢) Comparison of short-circuit current and open-circuit voltage between CS-
TENG and CRCS-TENG. d-f) Transferred charge, short-circuit current, and open-circuit voltage of



IRCS-TENG. g, h) Charge retention characteristic after IRCS motion and enlarged views for
specified time intervals.
2.3 Universality of influence of mechanical motions on TENG's output
characteristics

To prove that the influence of mechanical motions on TENG's output
characteristics is a universal phenomenon. The influences of mechanical motions on
the transferred charge with different parameters are firstly studied. The results show an
improvement rate of transferred charge under different contact force, electrode
diameters, and rotation speeds under CRCS motion and IRCS motion are all more than
1 as shown in Fig. 3a-3c and 3d-3f, respectively. And the dynamic charging processes
are shown in the Supporting Information Fig. S5-S10. It shows that CRCS motion and
IRCS motion are effective in affecting the output characteristics with materials Cu and
PTFE even with different parameters. It can be seen that larger contact force, smaller
electrode diameters are more conducive for CRCS motion and IRCS motion to improve
the charge transferred. This is because larger contact force and smaller electrode
diameters make the Cu film and PTFE film contact fully. Furthermore, for CRCS
motion, the higher the rotation speed is, the more effective the improvement rate of
transferred charge is. This is because higher speeds increase the angle of friction
between the two materials during contact. However, with the higher rotation speed, the
improvement rate of transferred charge by IRCS motion is slightly reduced. This may
be if the speed is too high, the interfaces of Cu and PTFE will contact inadequacy.

b c
10 mm 60 rpm
3

5N 80 mm

- N ows o

60 mm 40 mm 600 rpm 300 rpm
Diameter Rotation speed

e 10 mm 60 rpm
3

R N

5N 80 mm 20 mm 900 rpm 180 rpm

40N 20N 60 mm 40 mm 600 rpm 7 300 rpm
Force Diameter Rotation speed
Fig. 3. The improvement rate of transferred charge by CRCS motion and IRCS motion: a-c) and d-
f) are the improvement rates of transferred charge by CRCS motion and IRCS motion under
different contact force, electrode diameters, and rotation speeds.

Then, the output characteristics of TENG with other materials are also compared
to further verify the influence of different mechanical motions on TENG’s output
characteristics is universal. The comparison of the transferred charges with other
materials Cu-Kapton, AI-PTFE, Al-Kapton, and Nylon-PTFE are shown in Fig. 4a, 4d,
49, and 4j, respectively. And the dynamic charging processes are shown in the
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Supporting Information Fig. S11-S12. The transferred charges of CRCS-TENG with
different materials (Cu-Kapton, Al-PTFE, Al-Kapton, and Nylon-PTFE) are 62.9 nC,
48.9 nC, 44.9 nC, and 63.2 nC, promotes by approximately 342%, 217%, 397%, and
165% compared with CS-TENG. IRCS-TENG is more conducive to transferred charge
enhancement which promotes by approximately 420%, 337%, 483%, and 218%
compared with CS-TENG. The short-circuit current and open-circuit voltage of CRCS-
TENG and IRCS-TENG exhibit a similar increasing tendency (Figure 4b-4c, 4e-4f, 4h-
4i, 4k-41). The experimental results show that the output characteristics of TENG are
greatly influenced by changing the mechanical motions with different materials.
Additionally, the output characteristics of traditional SE-TENG with different
mechanical motions are also studied as shown in Supporting Information Fig. S13. It
shows the CRCS motion and IRCS motion can also influence the output characteristics
of SE-TENG. These results demonstrate that it is a universality phenomenon that
changing mechanical motions can influence the output characteristics of TENGs.
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Fig. 4. The output performance of CS-TENG, CRCS-TENG, and IRCS-TENG with different
materials. a-c) Transferred charge, short-circuit current, and open-circuit voltage with Cu-Kapton.
d-f) Transferred charge, short-circuit current, and open-circuit voltage with AI-PTFE. g-i)



Transferred charge, short-circuit current, and open-circuit voltage with Al-Kapton. j-1) Transferred
charge, short-circuit current, and open-circuit voltage with Nylon-PTFE.
2.4 Mechanism of influence of mechanical motions on TENG's output
characteristics

For practical TENG devices, tested materials are not completely flat, there would
be a lot of air voids existence when they contact as shown in Fig. 5a. And electron
transfer occurs mainly in the areas which the tested materials actually contact. The
electron at the non-contact area cloud not overlap on the non-contact interfaces as
shown in Fig. 5b. As a result, the total number of transferred charges is limited to the
actual contact area of the tested materials. When TENG devices driven by CRCS
motion and IRCS motion, the contact phase will be a dynamic sweeping process, and
non-contact areas may become closer or come into contact such as areas A and B.
Which increases actual contact areas (electron cloud overlap on the contact areas as
shown Fig. 5¢) and thus enhances triboelectrification (TE). So the TENG devices have
higher output performance under CRCS motion and IRCS motion than traditional
TENG devices. To further explain the mechanisms of the mechanical motions that
influence the output characteristics of TENG. Here, considering the inadequacy of
contact in TENG, which is the actual contact area is less than the electrode area. We
define a contact efficiency as:

Y
=g, 1)

where S’ is the actual area, the S is the electrode area. The charge density can be
calculated as follows:

o Jd8

O':FI 3 o'n, (2)

where Q is the transferred charges of TENG and ¢ is the charge density of the contact

area. So the charge density of TENG under different mechanical motions can be
described as follows:

Ocs = 0'1cs, (3)
Ocrcs = 0 Heres, (4)
ORcs — U'ﬂchs ) (5)

the acs, ocres, gires and 7cs, 77cres, 771rcs are the charge density and contact efficiency
of CS-TENG, CRCS-TENG, and IRCS-TENG, respectively. Due to their motion
characteristics, for the CRCS-TENG, tested materials rotate relative to each other only
at the moment when they contact, and the relative rotation angle is less than 360°. For
the IRCS-TENG, the tested material keep in contact with each other during the process
of relative rotation, and the relative rotation angle is 360° as shown in Supporting
Information, Fig. S14. So ncs<ncres<#ires, ocs<ocrcs<ores. And the output
characteristics of CS-TENG, CRCS-TENG, and IRCS-TENG gradually increase.
Simulation of electrical potential distributions shows the electrical potential under CS
motion, CRCS motion, and IRCS motion also gradually increases which is the same as
the above experiments and analysis (Supporting Information, Fig. S15).



In order to better reveal the dynamic influence of mechanical motions on the
transfer charge of TENG, the relationship between the charge improving rate gn and
number of the working cycle under CRCS motion and IRCS motion with different
materials are shown in Fig. 5d and 5e, respectively. The improving rate gn is defined as:

_ O
gn — Q ! (6)
where Qo denotes the transferred charges under CS motion, and similarly Qn denotes
the transferred charges when operating for n cycles under IRCS motion or CRCS
motion. The experimental results show that the Qn increases rapidly at first and then
gradually approaches a certain saturation value which satisfies the law of exponential
growth. According to the model for charging an insulating sphere rolling on a plane
metal surface [44], theoretical model for dynamic charging under CRCS motion and
IRCS motion (Supporting Information, Notes S3) is established. For the charging
process, Qn is calculated from:

0.=-0.e " +(0u+0), )
where n indexes the operation cycle, Qs denotes the maximum charge accumulation
under IRCS motion or CRCS motion, Qo is the charge transferred under CS motion and

T is the time constant for charging. Subsequently, qn» for the charging process can be

calculated:

qn=aef%+b, (8)
where 4= - 9 and p= M.

Qo Qo

The curves obtained from the theoretical model are compared with experimental data
to verify the correctness in modeling charging (Figure 5d and 5e). The theoretical
results are in agreement with the experimental results. The fitting values of the
parameters corresponding to CRCS motion and IRCS motion are listed in Supporting
Information, Tables S2 and S3.

Moreover, the charge retention characteristics (discharging) of the IRCS motion
are studied with the same method (Supporting Information, Notes S3). The model for
discharging process, gn can be expressed as:

gn=ce ", 9)
where ¢ — % and S denotes a constant that represents the unit rate of discharge.

0

Similarly, the results obtained from the theoretical model for dynamic discharge are
compared with the experimental results (Fig. 5f). The fitting values for the parameters
are listed in Supporting Information, Table S4. The above theoretical model provides
an important theoretical basis for a better understanding and practical applications of
mechanical motions affecting the performance of TENG.

And the surface topography of each material is studied, specifically the surface
roughness (Fig. 5g). The 3D images of the dielectric surfaces of Kapton, PTFE, Al, Cu,
and Nylon are shown in Fig. 5h-5l. The test results show that Kapton has a smoother
surface than PTFE. In other words, Kapton film makes more contact with other
materials than PTFE film and the dynamic charging process becomes more complete



[45]. This may be the reason why the output performance with Kapton increased higher
than that of PTFE in the above experiment.
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Fig. 5. The working mechanism of mechanical motions for influencing the characteristics of TENG.
a) Working mechanism of influencing the performance of TENG by mechanical motions. b, ¢)
Electron-cloud-potential-well model depicting the charge transfer between two tested materials non-
contact and after contact [46]. Comparisons of curves calculated using the theoretical model for
charging and obtained from experimental results under d) CRCS motion and €) IRCS motion. f) A
similar comparison for discharging after IRCS motion. g) Histogram of the surface roughness of
materials used. h-1) 3D images of the dielectric surface of different materials.
2.5 Application of TENG with different mechanical motions

To further demonstrate that mechanical motions between friction interfaces can
influence the output characteristics of TENG and facilitate its application. The charge
curves of various capacitors for voltages up to 1.5 V under different mechanical
motions with materials of Al-Kapton are firstly studied as shown in Fig. 6a-6¢. The
experimental results show that the charging time of the capacitor is obviously different
from the different mechanical motions. Charging rates by CRCS motion and IRCS
motion are approximately 2 and 3 times higher than that by CS motion. Which indicates

10



higher output performance of CRCS motion and IRCS motion than that of CS motion.
In addition, the charge curves of various capacitors with materials of Nylon-PTFE are
also studied which shows the same regular (Supporting Information, Fig. S16a-S16c).

Next, the open-circuit voltage, short-circuit current, and peak power are also
measured under various external loads with materials Al-Kapton as shown in Fig. 6d-
6f. It shows that the open-circuit voltage and short-circuit current have been enhanced
by CRCS motion and IRCS motion under various external loads compared with CS
motion. Furthermore, compared with CRCS motion and IRCS motion, the maximum
power of the TENG increase from 3.5 uW to 15.9 uW and 23.1 uW, promoting by
approximately 440% and 660% times. And materials of Nylon-PTFE are also reached
which shows the same regular (Supporting Information, Fig. S16(d)-S16(f)).

Finally, the capability to power an array of LED lights under CS motion, CRCS
motion, and IRCS motion with the Al and Kapton materials is studied (Supporting
Information, Movies S1 and S2). As depicted in Fig. 6g, under CS motion (0 cycle), the
LED lights can not be lit up. However, under CRCS motion and IRCS motion, the LEDs
light up gradually as the operating cycle increases. When under the IRCS motion, with
1-3 operation cycles, the LED lights gradually light up, and for 4 and 5 operation cycles,
the brightness of all the LED lights are almost the same. When under CRCS motion,
with 20 operation cycles, the LED lights gradually light up. The brightness of all the
LED lights are nearly the same for 40-50 operation cycles. These results further
illustrate that the characteristics of TENG can be influenced by mechanical motions.
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Fig. 6. Output characteristics and application with Al-Kapton under different mechanical motions
with Al-Kapton: Charging capacity for different capacitors under a) CS motion, b) CRCS motion,
and c¢) IRCS motion. Load voltage, load current and the peak power under d) CS motion, ) CRCS
motion, and f) IRCS motion. g) Performance comparison of video snapshots under IRCS motion
and CRCS motion.

3. Conclusions

In this work, the mechanical motions can influence the output characteristics of
TENGs was first demonstrated. Two new mechanical motions of TENG were proposed,
one is CRCS motion and the other is IRCS motion. And the output characteristics of
TENG under different mechanical motions are investigated. According to the
comparison experiments for different types, different materials, and even different
parameters of TENG, the universality of the mechanical motions affecting the output
characteristics of TENG was verified. IRCS motion and CRCS motion with different
materials promoted charge transfers by approximately 2-5 times compared with
traditional CS motion. With the material Al and Kapton, the charge transfers and output
power under CRCS motion and IRCS motion realize 397%, 483%, and 440%, 660%
enhancement, respectively. Besides, the mechanism of mechanical motions on TENG’s
characteristics is revealed. And theoretical models describing dynamic charging and
discharging of TENG under CRCS motion and IRCS motion are proposed and
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established. Finally, it is proved that mechanical motions have the ability to affect the
collection of environmental energy. This work provides a new and simple factor to
change the output characteristics of TENG, which is beneficial to promote the
applications of TENG in energy harvesting.

4. Experimental section

Fabrication of the TENG: Two acrylic plates of thickness 3 mm are cut into disks
of diameter 100 mm using a carbon dioxide laser cutting machine (31 Degree 6090).
For one part, Cu foils of different dimensions (10 mm, 20 mm, 40 mm, 60 mm, and 80
mm) are added to form electrodes on the acrylic plates. One Tested material is pasted
onto the Cu foils. For the other part, sponges of matching dimensions as the foils (10
mm, 20 mm, 40 mm, 60 mm, and 80 mm) with a thickness of 1 mm are added to the
different acrylic plates. The other tested materials of the same dimensions as the sponge
were pasted onto the sponge. If the material is nylon, a Cu foil should be added below
it as an electrode.

Measurements: A constant temperature and humidity test chamber (Y-HF-960L,
Yuhang Zhida, China) is used to adjust temperature and humidity. A linear rotary motor
(PR-52, LinMot, Switzerland) provided the external impulses. The linear stages consist
of a lifting platform (AKV10A-90C, Zolix, China), an adapter plate (BP-A100, Zolix,
China), and two horizontal platforms (AK25A-10020C, AK25A-10020CZ, Zolix,
China) that adjusted the contact force and coaxiality between the two tested materials.
The contact force was measured directly using a force sensor (ZZ-420, Zhizhan
Measurement&Control, China). A miniature platform optical mount (Npmv50, Zolix,
China) adjusted the horizontal level of the tested material. The surface topography of
the materials is tested using an atomic force microscope (icon, Bruker, Germany). The
transferred charge, open-circuit voltage, and short-circuit current were measured using
an electrometer (6514, Keithley, USA). All measurements were recorded using a data
acquisition system (USB-6218, National Instruments, USA) and stored using the
program LabVIEW.
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Highlights

Highlights and breakthroughs in our research:
1. The mechanism underlying TENG under different mechanical motions is
revealed.
2. Two new mechanical motions of TENG are proposed.
3. The mechanism of different mechanical motions on TENG's performance is
analyzed.
4. The theoretical models of dynamic charging and discharging are established.
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